N eurocognitive outcomes after surgical intervention for congenital heart disease (CHD) in infancy are the focus of great clinical interest and much research. As mortality among children with CHD has decreased, neurodevelopmental impairment has been identified as one of the most significant morbidities among survivors of CHD operations. Multiple studies have shown that in comparison with general population norms, survivors of surgical intervention for complex CHD typically have lower scores on neuropsychological testing, with performance scores often more impaired than verbal scores. [1] [2] [3] [4] However, comparison of children with CHD with published norms for the general population is complicated by the potential confounding effects of socioeconomic status (SES), parental intelligence, home environment, and prematurity, all of which highly influence developmental outcome. 1, [5] [6] [7] [8] [9] To isolate the effect of CHD and its management on neurodevelopmental outcomes at 1 year of age, we evaluated multiple-gestation births in which one child had CHD. This study design affords a unique opportunity to match study subjects and sibling control subjects for familial factors, including SES, parental intelligence, home environment, and gestational age.
Methods

Patient Population
Between September 1998 and April 2003, 550 infants with CHD undergoing surgical intervention with cardiopulmonary bypass (CPB) at 188 days (6 months) of age or less were enrolled in a single-institution study of the association between apolipoprotein E genotype and postoperative neurodevelopmental dysfunction. 4 Exclusion criteria included (1) multiple congenital anomalies, (2) recognizable genetic or phenotypic syndrome other than chromosome 22q11 microdeletion, and (3) language other than English spoken in the home.
Among this cohort, subjects who were the product of a multiple gestation were identified; this group forms the study population for this report. Subjects with microdeletion of chromosome 22q11 were excluded from this study. Siblings of the same gestation were recruited to participate in the follow-up evaluation. Neonatal records of both the subjects with CHD and their siblings were reviewed for information about the pregnancy and perinatal course. Gestational age was recorded in completed weeks by best obstetric estimate.
The Institutional Review Board at The Children's Hospital of Philadelphia approved the study. Written informed consent was obtained from the parent or guardian. The funding agencies had no role in data collection, interpretation, or analysis or in the preparation of the manuscript.
Intraoperative Management
Operations were performed by 3 cardiac surgeons with a dedicated team of cardiac anesthesiologists. Alpha-stat blood gas management was used. Deep hypothermic circulatory arrest (DHCA) was used at the surgeon's discretion. Before DHCA, patients were cooled to a nasopharyngeal temperature of 18°C by a combination of core cooling on CPB and topical hypothermia. Modified ultrafiltration was performed in all patients.
One-Year Follow-up Evaluation
A study follow-up visit was conducted at 12 months of age, corrected for prematurity, plus or minus 2 weeks. Siblings were assessed on the same day. Personnel involved in the evaluation were not blinded to CHD status. One of 3 specialists in developmental pediatrics measured growth parameters and performed a neurologic examination. The same investigator evaluated all children in a family. Length was determined by using a supine board. Neurologic findings were classified as normal, suspect, or abnormal. A single psychologist administered the Bayley Scales of Infant Development II. Each child with CHD was evaluated by a genetic dysmorphologist to identify children with genetic syndromes that might not have been apparent earlier in infancy. Children were eliminated if the geneticist believed there were marked dysmorphisms, even if no named syndrome was diagnosed. SES, as measured by the Hollingshead Index, 10 and ethnicity were determined by means of parental questionnaire.
The Bayley Scales of Infant Development II yields 2 scores: the Mental Development Index (MDI) and the Psychomotor Development Index (PDI). Each of these scores has a mean of 100 and a standard deviation of 15 in the general population. The MDI assesses memory, problem solving, early number concepts, generalization, expressive and receptive language, and social skills. The PDI evaluates control of gross motor functioning, including crawling and walking, as well as fine motor skills necessary for prehension, use of writing instruments, and imitation of hand movements.
Data Analysis and Statistical Methods
As a measure of complexity of CHD, patients were categorized according to a previously described classification that has been shown to be predictive of postoperative mortality. 11 Class I includes patients whose repair achieves a biventricular circulation and in whom there is no preoperative arch obstruction, class II includes patients whose repair achieves a biventricular circulation with arch obstruction, class III includes patients whose repair achieves a single-ventricle circulation without arch obstruction, and class IV includes patients whose repair achieves a singleventricle circulation with arch obstruction.
Descriptive statistics were used to characterize the study population and other subsets of the larger cohort. Comparisons were made across groups by using t tests, contingency tables, or Wilcoxon rank sum tests. Exact methods were used for contingency tables when any expected value was less than 5. Within the multiple-gestation subjects, the distribution of MDI and PDI scores and growth parameters were inspected, and adequate symmetry was believed to be present to allow the use of parametric tests. Fixed effects regression conditioned on family group was used to make paired comparisons between subjects with CHD and their siblings. This strategy allowed incorporation of the data from both siblings in the sets of triplets. Statistical analyses were performed using STATA 7.0 (College Station, Tex).
The relationship between apolipoprotein E genotype and neurodevelopmental outcome was not explored in the multiplegestation cohort. The allele associated with increased risk of neurodevelopmental delay, ⑀2, had an allele frequency of approximately 8% in the larger cohort. Thus only 1 or 2 multiplegestation subjects with CHD and the ⑀2 allele could be expected in this study cohort, a number too small for any meaningful relationships to be identified.
Results
Study Population
Among 550 subjects enrolled in the larger cohort, 30 subjects (29 families) were the product of a multiple gestation. In 10 families one or more children died before 1 year of age (in 8 families the child with CHD died, in 1 the sibling without CHD died, and in 1 both members of a twin pair are known to have died). Three families were excluded because of microdeletion of chromosome 22q11 or diagnosis of a genetic syndrome in the child with CHD at the follow-up visit. One family was excluded because of the presence of CHD in both members of the twin pair. In 11 (73%) of 15 remaining families (9 twin sets and 2 triplet sets), both the
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CHD ϭ congenital heart disease CPB ϭ cardiopulmonary bypass DHCA ϭ deep hypothermic circulatory arrest HLHS ϭ hypoplastic left heart syndrome MDI ϭ Mental Development Index PDI ϭ Psychomotor Development Index SES ϭ socioeconomic status subject with CHD and his or her sibling or siblings were evaluated. Reasons for failure to return for 1-year follow-up included acute illness on the testing day, distance, inability to contact, and lack of awareness by the study staff that a child with CHD was a twin. In this last case, the child with CHD returned, but the sibling did not. These families included 3 subjects with hypoplastic left heart syndrome (HLHS) or HLHS variant and 1 subject with ventricular septal defect and coarctation. Compared with the singleton births in the larger cohort, the multiple-gestation subjects included in this study were more premature (35.4 Ϯ 3.0 vs 38.5 Ϯ 2.1 weeks, P Ͻ .001), had a lower birth weight (2.46 Ϯ 0.65 vs 3.14 Ϯ 0.62 kg, P Ͻ .001), were more likely to be delivered by means of cesarean section (10/11 vs 136/506, P Ͻ .001), and had a higher SES (Hollingshead Index: 4.5 Ϯ 0.7 vs 3.9 Ϯ 1.2, P ϭ .009) than the study subjects who were the product of singleton pregnancies. Mortality in the first year of life was 9 (30%) of 30 among all multiple gestations compared with 39 (7.5%) of 520 for all singleton births (P Ͻ .001).
Baseline characteristics of the included and not included multiple-gestation subjects are shown in Table 1 . The multiple-gestation subjects not included had more complex CHD than those included, which is not surprising because 9 of those not included died before 1 year of age. Further descriptive information on the multiplegestation subjects with CHD is shown in Table 2 . Four pregnancies were known to be the product of in vitro fertilization; 2 mothers conceived after pharmacologic ovarian stimulation.
Comparison of Outcome Measures
The primary outcomes of the study were the MDI and PDI scores on the Bayley Scales of Infant Development II at 1 year of age. Comparison of MDI and PDI by family are shown in Figures 1 and 2 . Table 3 presents summary statistics for all outcome measures. Figures 1 and 2 show that children with CHD scored lower than their siblings on the MDI in 8 (73%) of 11 families and lower on the PDI in 9 (82%) of 11 families. The deficit in PDI appeared more marked than the deficit in MDI. Subjects with CHD had lower mean scores on both the MDI (85.0 Ϯ 19.3 vs 93.9 Ϯ 16.0, P ϭ .037) and PDI (76.6 Ϯ 16.9 vs 91.3 Ϯ 14.9, P ϭ .015) than their siblings without CHD. On average, subjects with CHD scored 9.7 (95% confidence interval, 0.7-18.7) points lower on the MDI and 14.7 (95% con- EGA, Estimated gestational age; CHD, congenital heart disease.
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The Journal of Thoracic and Cardiovascular Surgery • Volume 130, Number 6 1513 CHD fidence interval, 3.4-25.9) points lower on the PDI. No difference in growth parameters or the frequency of an abnormal neurologic examination at 1 year of life was apparent. Mean z scores for the subjects and siblings combined were Ϫ0.93 for weight, Ϫ0.86 for length, and ϩ0.84 for head circumference.
Discussion
This study demonstrates that among a cohort of multiplegestation births, the presence of CHD requiring surgical intervention with CPB in the first 6 months of life is associated with lower scores on the Bayley Scales of Infant Development II at 1 year of age. The effect on PDI appears to be more marked than the effect on MDI, which is consistent with prior studies of neurodevelopmental outcomes after infant cardiac surgery. 4, 9, 12, 13 No difference was seen in somatic growth or the frequency of an abnormal neurologic examination at 1 year of age between children with CHD and their siblings. The pattern of z scores seen for the growth parameters, namely higher mean z scores for head circumference compared with weight or height, is not surprising for a cohort containing a significant fraction of premature infants, in whom head growth catches up earlier than length or weight.
Rather than comparing MDI and PDI scores with population norms, this study used comparisons within multiplegestation births to control optimally for SES, parental intel- ligence, gestational age, and home environment. These potential confounders have been shown to have large effects on cognitive outcomes, effects much greater in magnitude than many interventions studied. For example, social class explained 23.7% of the variance in full-scale IQ scores at 8 years of age in the Boston Circulatory Arrest Trial, whereas assignment to intraoperative support strategy explained only 0.3%. 1 A meta-analysis of twin studies has demonstrated that the heritability of IQ is approximately 50%, whereas in utero environment (20%) and shared postnatal environmental factors (17%) also contribute importantly to explaining variance in IQ. 5, 6 Mean cognitive scores of children born prematurely decrease in a linear fashion with decreasing birth weight. 8 Having controlled for these confounders, we observed that children with CHD had deficits in developmental achievement at 1 year of age when compared with their siblings.
The deficits in achievement were observed despite the fact that the majority of the multiple-gestation subjects had CHD that could be corrected to a biventricular circulation in one operation without the use of circulatory arrest. Only 3 children in the study cohort did not have a biventricular repair. The small number of single-ventricle lesions precluded examining the relationship between CHD class and neurodevelopmental outcome. Many of the subjects had the dual vulnerability of both prematurity and CHD. More than half of the subjects required an operation in the neonatal period, which an analysis of the large cohort from which this study population was drawn has suggested might be a period of particular vulnerability to the development of periventricular leukomalacia after CPB.
14 These observations support the hypothesis that neurodevelopmental impairment after infant cardiac surgery is multifactorial in cause. Research in this field needs to address the complex interaction between multiple factors to optimize patient outcomes.
There are limitations to this study. The mechanisms by which CHD and its management are associated with deficits in developmental outcome at 1 year of age cannot be determined by this study. In particular, the effects of CHD, per se, and surgical intervention with CPB cannot be separated from each other. The sample size of the study was small and therefore did not allow precise determination of the magnitude of the difference in MDI and PDI scores.
Correlations between scores on the MDI and PDI at 1 year of age and subsequent achievement are imperfect. In a recent analysis of subjects with D-transposition of the great arteries enrolled in the Boston Circulatory Arrest Trial, correlations between MDI or PDI and achievement or IQ testing at 8 years of age were statistically significant but modest in magnitude (0.16-0.33). 15 Sensitivity of low MDI or PDI scores for low achievement or IQ scores was poor (16%-31%), but specificity was good (82%-93%). Thus the Bayley Scales of Infant Development provide an early assessment of neurodevelopmental status with some correlation with school age performance, but later follow-up is needed. Follow-up of the multiple-gestation cohort at 4 years of age is currently ongoing.
Given that 4 (27%) of 15 potentially eligible multiplegestation families did not complete follow-up at 1 year, bias could be introduced into the results if those who did return were more or less likely to have neurodevelopmental delay. Although we cannot assess the development of those who did not return, most of the reasons for failure to return seem unlikely to be related to the child's neurodevelopmental status (distance, acute illness, or error on the part of the study staff). The CHD was more severe among these 4 families (3/4 with HLHS or variants) than among those who completed follow-up, making it improbable that inclusion of these families would have reduced the magnitude of the difference observed. Another potential source of bias is that the investigators performing the 1-year evaluation were not blinded to CHD status. This knowledge could have influenced their ratings of subjects' performance on the Bayley Scales and would be predicted to inflate the effect of CHD on neurodevelopmental outcome.
Although the main strength of the study design is the ability to address important confounders, it is possible that residual confounding exists. The sibling control subjects were not consistently evaluated by a geneticist. However, underdiagnosis of genetic syndromes in the siblings would tend to bias the results toward the null hypothesis, and the true magnitude of the differences in MDI and PDI would be expected to be larger than reported here. It is possible that genetic syndromes remain undiagnosed among the children with CHD. We have attempted to minimize this possibility by including a formal genetic evaluation at the 1-year visit. The cohort studied is more premature and of higher SES than a large cohort of children undergoing infant surgical intervention for CHD at the same institution. There might also be independent effects of multiple gestation, particularly among triplets, 16 on neurodevelopmental outcomes. Thus the ability to generalize these findings to singleton term infants with CHD may be limited. Still, our findings are consistent with patterns observed when cohorts of predominantly singleton term infants are compared with population norms.
4,12
Summary
Within multiple-gestation births, children with CHD requiring surgical intervention with CPB in the first 6 months of life have lower scores on the Bayley Scales of Infant Development II at 1 year of age than their siblings without CHD. By using multiple-gestation births, we have optimally controlled for SES, parental intelligence, home environment, and prematurity. Our findings are consistent with those of other studies that have shown developmental deficits among children with CHD compared with general population norms. We observed these deficits despite the fact that the majority of subjects with CHD could be corrected to a biventricular circulation in one operation without the use of DHCA. These results underscore the need for more in-depth understanding of a variety of risk factors for neurodevelopmental impairment to promote optimal outcomes among children with CHD requiring surgical intervention in infancy. Detailed follow-up of this cohort at 4 years of age is currently ongoing.
